Cytochrome c oxidase (CcO) is the last electron acceptor in the respiratory chain. The CcO core is formed by mitochondrial DNA-encoded Cox1, Cox2, and Cox3 subunits. Cox1 synthesis is highly regulated; for example, if CcO assembly is blocked, Cox1 synthesis decreases. Mss51 activates translation of COX1 mRNA and interacts with Cox1 protein in high-molecularweight complexes (COA complexes) to form the Cox1 intermediary assembly module. Thus, Mss51 coordinates both Cox1 synthesis and assembly. We previously reported that the last 15 residues of the Cox1 C terminus regulate Cox1 synthesis by modulating an interaction of Mss51 with Cox14, another component of the COA complexes. Here, using site-directed mutagenesis of the mitochondrial COX1 gene from Saccharomyces cerevisiae, we demonstrate that mutations P521A/P522A and V524E disrupt the regulatory role of the Cox1 C terminus. These mutations, as well as C terminus deletion (Cox1⌬C15), reduced binding of Mss51 and Cox14 to COA complexes. Mss51 was enriched in a translationally active form that maintains full Cox1 synthesis even if CcO assembly is blocked in these mutants. Moreover, Cox1⌬C15, but not Cox1-P521A/P522A and Cox1-V524E, promoted formation of aberrant supercomplexes in CcO assembly mutants lacking Cox2 or Cox4 subunits. The aberrant supercomplex formation depended on the presence of cytochrome b and Cox3, supporting the idea that supercomplex assembly factors associate with Cox3 and demonstrating that supercomplexes can be formed even if CcO is inactive and not fully assembled. Our results indicate that the Cox1 C-terminal end is a key regulator of CcO biogenesis and that it is important for supercomplex formation/stability.
Cytochrome c oxidase (CcO) 2 is the last redox multisubunit complex of the mitochondrial respiratory chain. This enzyme couples the transference of electrons from cytochrome c to oxygen with the translocation of protons from the matrix to the intermembrane space. In Saccharomyces cerevisiae, CcO contains at least 12 subunits, where Cox1, Cox2, and Cox3 are encoded by mitochondrial genes and constitute the catalytic core. The corresponding mRNAs are translated by the organelle's ribosomes, and the proteins are subsequently integrated into the CcO. The remaining subunits are encoded by nuclear DNA and imported from the cytosol (1, 2) . CcO assembly requires at least 30 factors to correctly coordinate the incorporation of subunits and to add prosthetic groups (1, 2) . Yeast CcO is assembled after formation of three subassembly modules, each containing a mtDNA-encoded subunit and a subset of cytosolic subunits (3) (4) (5) (6) . The Cox1 module stabilizes the Cox3 module and possibly the Cox2 module (6) , suggesting that assembly of Cox1 orchestrates CcO assembly. One or two monomers of CcO interact with the dimeric bc 1 complex to form III 2 /IV and III 2 /IV 2 supercomplexes (7, 8) . Formation and stabilization of these supercomplexes is dependent on the Rcf1, Rcf2, Aac2, and Cox13 proteins (6, 9 -11) . Cardiolipin (12) , and the proteins Rcf3 and Cox26 are also components of supercomplexes (13) (14) (15) .
Cox1 is the largest CcO subunit, with 12 transmembrane stretches comprising the bulk of the protein. Its only significant hydrophilic domain is formed by ϳ59 residues exposed on the inner side of the inner membrane in the assembled enzyme. Cox1 contains hemes a and a 3 plus Cu B cofactors for oxygen reduction as well as the channels for proton translocation (1, 2) . Partially assembled Cox1 may form pro-oxidant intermediaries containing unassembled heme a 3 -Cu B (16) . Indeed, yeast Cox1 synthesis is down-regulated when CcO assembly is defective (for reviews, see Refs. 1 and 17) .
Translation of the COX1 mRNA in mitochondria is specifically activated by Pet309 and Mss51 (18 -22) . According to the current model, newly synthesized Cox1 enters a progressive series of intermediaries named D1-D5 (or COA complexes) in which Mss51 is present together with Cox14, Coa3, and Coa1 and subunits Cox4, Cox5, Cox6, and Cox8 (4, 6) . In these subassembly complexes, Shy1, Ssc1, and Cox15 are also present (23) (24) (25) . Progression of CcO assembly promotes release of Mss51 and Ssc1 from the COA complexes (24, 26) , making Mss51 available for further translational activation. At this point, Pet54 is required to render Mss51 competent for efficient translational activation of the COX1 mRNA (27) . If CcO assembly is blocked, then Cox1 synthesis decreases because Mss51 is sequestered in the COA complexes and thus is unavailable for translational activation (21, 26) .
Interaction of the translational activator/assembly factor Mss51 with COA complexes is stabilized by Cox14 and Coa3. Elimination of these factors disrupts the assembly-mediated down-regulation of Cox1 synthesis (21, 26, 28, 29) . We previously demonstrated that deletion of the last 11 or 15 C-terminal residues of Cox1 also disrupted the assembly-mediated regulation of Cox1 synthesis, but not the assembly of active CcO. In the cox1 truncation mutants, the interaction of Mss51 with Cox14 was reduced (30) , indicating that, together with Cox14 and Coa3, the Cox1 C-terminal residues are necessary for normal sequestration of Mss51 in COA complexes for assemblymediated regulation of Cox1 synthesis. In the present study, we examined the effects of site-directed mitochondrial mutations affecting conserved residues near the Cox1 C terminus and identified several that have functional importance. We found that this region of Cox1 was not only essential for assemblymediated regulation of Cox1 synthesis, but also for supercomplex formation and/or stability. The Cox1 C-terminal end is important to stall supercomplex formation/stability when CcO assembly is blocked. Our results point to important participation of the hydrophilic Cox1 C-terminal domain in regulation of CcO biogenesis.
Results

Mutations P521A/P522A and V524E on the Cox1 C-terminal end disrupt Cox1 synthesis regulation
We previously demonstrated that in site-directed mitochondial mutants lacking the last 15 or 11 residues of Cox1, there was no assembly-mediated regulation of Cox1 synthesis. In contrast, deletion of the last 5 residues did not affect the Cox1 assembly-feedback regulatory loop (30) . An alignment of the last 15 residues of S. cerevisiae Cox1 with those of several fungi and mammals revealed that at least Pro-521, Pro-522, His-525, Phe-527, and Pro-530 are conserved in fungi and mammals, despite the fact that their deletion does not prevent respiratory growth of yeast ( Fig. 1A) . To ask whether these residues have a role in the Cox1 C-terminal regulatory function, we integrated mutated versions of COX1 genes encoding the double mutation P521A/P522A or the single point mutations H525A, F527A, and P530A into mtDNA. In addition, we mutated V524E, which is partially conserved in fungi. None of these mutations affected the steady-state levels of Cox1, Cox2, or Cox3 ( Fig. 1B) or growth on non-fermentable medium (Fig. 1C ) compared with wild type. Spectrophotometric determination of complex IV activities indicated that all of the Cox1 mutants had activity similar to that of the strain carrying wild-type Cox1, with the exception of the Cox1⌬C15 mutant, which retained 30% CcO activity. Complex III activities were similar in all Cox1 mutants and wild-type Cox1 (Fig. 1D ).
To test whether the Cox1 missense mutations affected the assembly-mediated regulation of Cox1 synthesis, we disrupted CcO assembly in the mutants by deletion of either the Cox4 CcO subunit or Pet111, translational activator of the mitochondrially encoded COX2 mRNA (31) . Mitochondrial translation products were pulse-labeled in whole cells with [ 35 S]methionine in the presence of cycloheximide, and the products were detected by SDS-PAGE and autoradiography. As expected, wild-type Cox1 labeling decreased upon deletion of cox4 ( Fig. 2A ) and pet111 (Fig. 2B ). In agreement with previous observations, synthesis of truncated Cox1⌬C15 was not reduced by either the pet111 or cox4 deletions (30) . Interestingly, the double COX1 missense mutant P521A/P522A and the single mutant V524E also prevented any reduction in Cox1 synthesis when CcO assembly was disrupted by cox4 or pet111 deletions. In contrast, Cox1 mutants H525A, F527A, and P530A did not affect assembly-mediated regulation of Cox1 synthesis because deletion of cox4 or pet111 decreased labeling of those Cox1 variants. These results suggest that the Cox1 residues Pro-521 and/or Pro-522, as well as Val-524, promote interactions required for sequestration of the translational activator/assembly factor Mss51 in COA complexes.
The Cox1 P521A/P522A and V524A mutants reduce interaction of Mss51 with the COA complexes
Mss51 sequestration in the COA complexes depends upon interactions with Cox14 that occur when Cox1 is newly synthesized (1, 21, 26) . The Cox1⌬C15 mutation compromises the interaction between Mss51 and Cox14, as detected by co-immunoprecipitation (30) , making free Mss51 more abundant to promote COX1 mRNA translation (27, 32) . We therefore investigated whether binding of Mss51 to Cox14 and other components of the COA complexes was similarly compromised in our Cox1 missense mutants. Mss51 and Cox14 in the mutant strains were tagged with triple hemagglutinin (Mss51-HA) or triple c-MYC (Cox14-Myc) epitopes at their C-terminal ends, respectively. The addition of these epitopes did not affect respiratory growth (data not shown). Purified mitochondria carrying wild-type Cox1, Cox1⌬C15, or the Cox1 missense proteins were solubilized with 0.5% dodecyl maltoside. Mss51-HA was immunoprecipitated from the resulting extracts, and coprecipitated proteins were analyzed by SDS-PAGE and Western blotting. As reported previously (30) , the co-precipitation of Mss51-HA and Cox14-Myc decreased in the Cox1⌬C15 mutant as compared with Cox1 wild type (Fig. 3A ). In addition, interaction of Mss51-HA with Coa3 was also reduced. The missense mutations P521A/P522A and V524E similarly reduced the interactions of Mss51-HA with Cox14-Myc and Coa3 (Fig.  3A) . In contrast, the H525A Cox1 mutation, which does not affect assembly-mediated regulation of Cox1 synthesis (Fig. 2) , did not reduce co-precipitation of Mss51 with Cox14-Myc, Cox1, or Coa3 (Fig. 3A ). We also immunoprecipitated Cox14-Myc from the mitochondrial extracts and analyzed the presence of co-precipitated Mss51-HA, Cox1, and Coa3. As
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expected, only Cox1⌬C15, Cox1 P521A/P522A, and Cox1 V524E caused decreased interactions with Mss51-HA, Cox1, or Coa3 ( Fig. 3B ).
Mss51 molecules are present in distinct complexes within mitochondria that are distinguishable by blue-native gel electrophoresis (BN-PAGE) and sedimentation velocity (24, 27, 29, 33, 34) . Mss51 is detected in high-molecular-weight COA complexes that correspond to Cox1 assembly intermediates. Mss51 is also detected in lower-molecular-weight complexes that correspond to the translational activator (TA) form of the protein.
If the Cox1 missense mutations P521A/P522A and V524E dis-rupt assembly-mediated regulation of Cox1 synthesis by reducing sequestration of Mss51 in COA complexes, then mutant mitochondria should contain elevated levels of the lower-molecular-weight TA Mss51 complex relative to wild type. To test this idea, we solubilized mitochondria from the different Cox1 mutants with 1% digitonin and then analyzed the extracts by BN-PAGE and Western blotting. Under these conditions, Mss51 co-migrated with high-molecular-weight COA complexes of ϳ250 -450 kDa, whereas the translational activator form migrated at ϳ120 -180 kDa. Mitochondria carrying the Cox1⌬C15, P521A/P522A, and V524E alleles showed elevated (56) . Dark gray boxes, highly conserved residues; light gray boxes, partially conserved residues. Asterisks show the amino acids that were mutated in the present study. Numbers indicate position of the last 15 residues of Cox1 in each species. B, mitochondria from wild type and the Cox1 mutants were separated by SDS-PAGE and analyzed by Western blotting using the indicated antibodies. Citrate synthase (CS) was used as loading control. C, 10-fold serial dilutions from wild type and Cox1 mutants were spotted in complete medium with either glucose or ethanol/glycerol. The plates were incubated for 3 days at 30°C. D, spectrophotometric measurements of complex IV and complex III activities from mitochondria carrying the indicated Cox1 mutations were normalized to the activity of CS. Statistical significance was determined by one-way analysis of variance and Dunnett's test for multiple comparisons with the WT values (***, p Ͻ 0.001; n ϭ 3 independent assays) using Prism version 6 software. Error bars, S.D. accumulation of Mss51 in the translational activator form, although Mss51 in COA complexes was also detected. In contrast, mitochondria carrying H525A, F527A, or P530A Cox1 alleles showed distribution of Mss51 complexes similar to that of mitochondria bearing the wild-type Cox1 protein ( Fig. 3C ). When the same blot was decorated with antibodies against Cox1, respiratory supercomplexes were evident in strains carrying either wild-type or mutant Cox1 proteins, suggesting that supercomplex formation is not affected by impairing the assembly-mediated regulation. An improved separation of supercomplexes by BN-PAGE indicated that in the Cox1⌬C15 mutant, the supercomplex III 2 /IV is enriched as compared with mitochondria carrying wild-type Cox1, suggesting that in this mutant supercomplex III 2 /IV 2 , formation/stability is compromised. Mitochondria from Cox1-P521A/P522A and Cox1-V524E mutants also showed accumulation of supercomplex III 2 /IV, but to a lesser extent ( Fig. 3D ).
CcO assembly mutants overaccumulate Mss51 in the COA complexes and underaccumulate Mss51 in translational activator form, decreasing the rate of Cox1 synthesis (24, 27, 29, 33, 34) . We examined the distribution of Mss51 in the Cox1 point mutants when CcO assembly was blocked by deletion of Pet111 (causing the absence of Cox2). As expected, disrupting CcO assembly in mitochondria containing wild-type Cox1 caused Mss51 to overwhelmingly accumulate in COA complexes, whereas the translational activator form was barely detectable (Fig. 3E ). In contrast, disrupting CcO assembly in mitochondria containing Cox1⌬C15 did not prevent accumulation of the translational activator form of Mss51. The Mss51 translational activator form was also enriched in the absence of assembly by the Cox1 missense mutations P521A/P522A and V524E, albeit to a lesser extent. Taken together, these data indicate that Cox1⌬C15, Cox1-P521A/P522A, and Cox1-V524E mutations compromise the association of Mss51 with the COA complexes when CcO assembly is blocked. Moreover, because the Cox1 mutants affect Cox1 synthesis similarly to Cox1⌬C15 while accumulating less translational activator Mss51 than Cox1⌬C15, our data suggest that the lower levels of translational activator Mss51 are sufficient to support normal synthesis of Cox1. This conclusion is consistent with the finding that overall levels of Mss51 are not strongly rate-limiting for expression of a reporter gene inserted in the COX1 locus (21). We also compared the signals of Cytb and Var1 (ribosomal protein) to the Cox3/Atp6 signal, showing that the observed pattern in A and B is specific for Cox1 (data not shown). The relevant significant differences between strains (*) were determined by Student's t test. A p value of Ͻ 0.01 was considered statistically significant.
The Cox1 C-terminal end regulates CcO biogenesis C-terminal truncation of Cox1 (Cox1⌬C15) induces accumulation of aberrant, nonfunctional supercomplexes
Respiratory supercomplexes comprise one or two CcO monomers associated with one bc 1 complex dimer. III 2 /IV and III 2 / IV 2 supercomplexes can be resolved by BN-PAGE of digitoninsolubilized wild-type yeast mitochondria (7, 8) . We investigated supercomplex accumulation in mitochondria from the Cox1 mutants in which assembly-mediated regulation of Cox1 synthesis was impaired. Extracts of mitochondria containing wildtype Cox1, Cox1⌬C15, Cox1-P521A/P522A, or Cox1-V524E were separated by BN-PAGE and analyzed by Western blotting using antibodies against Cox1. Mitochondria from all of the Cox1 variants showed the presence of high-molecular-weight bands associated with III 2 /IV and III 2 /IV 2 supercomplexes ( Fig.  4A ). Additional bands corresponding to COA complexes and the assembled CcO enzyme (200 -450 kDa) were also detected. Therefore, assembly-mediated regulation of Cox1 synthesis is not necessary for respiratory supercomplex formation.
As expected, disruption of CcO assembly by a pet111⌬ mutation prevented the accumulation of supercomplexes in otherwise wild-type mitochondria, as well as in those containing missense variants of Cox1 (Fig. 4A) . Surprisingly, however, disruption of CcO assembly in mitochondria containing the truncated Cox1⌬C15 protein did not prevent accumulation of a high-molecular-weight species exhibiting similar size as normal supercomplexes. This supercomplex-like band was consistently observed in extracts of Cox1⌬C15 mitochondria, but not in extracts of wild-type Cox1 or Cox1-P521A/P522A mitochondria. In some repeats of this experiment, a faint supercomplex-like band was also visible in Cox1-V524E mitochondria. As expected, CcO assembly-competent (PET111) mitochondria exhibited CcO enzymatic activity, whereas the pet111⌬ mutants did not (Fig. 4A, right) .
Formation of the observed aberrant high-molecular-weight complex could be promoted if C-terminal truncation of Cox1 makes it unusually stable in the absence of CcO assembly. A, mitochondria (500 g of proteins) from wild type and the Cox1 mutants were solubilized with dodecyl maltoside and incubated with an antibody against HA epitope to immunoprecipitate Mss51-HA. A strain without HA tag in Mss51 was used as a negative control. The total and immunoprecipitated (IP) fractions were separated by SDS-PAGE and transferred to a PVDF membrane for Western blotting analysis with the indicated antibodies. Total fractions represent 3% of the mitochondrial extract, whereas all immunoprecipitated protein was loaded onto the gel. B, mitochondrial proteins from wild type or Cox1 mutants were analyzed as in A, but an antibody against Myc was used to immunoprecipitate Cox14-Myc. C, digitonin-solubilized mitochondria from WT and Cox1 mutants were separated by BN-PAGE (5-13%) and transferred to a PVDF membrane for Western blotting analysis with antibodies against HA epitope (␣-HA) or Cox1 (␣-Cox1). An antibody against ATP synthase was used as loading control (V and V 2 ). Bands corresponding to supercomplexes (SC), COA complexes containing Cox1, and the translational active form of Mss51 (TA) are indicated. All strains carried the Mss51-HA variant. D, mitochondria from C were separated by a BN-PAGE (4 -12%) to resolve supercomplexes III 2 /IV 2 and III 2 /IV. The separated proteins were analyzed by Western blotting using antibody against Cox1 and by CcO in-gel activity. E, digitonin-solubilized mitochondria from WT and Cox1 mutants bearing wild-type PET111 or a pet111⌬ mutation were separated by BN-PAGE and analyzed as in C. Steady-state accumulation of the mitochondrially encoded CcO subunits was analyzed by SDS-PAGE and Western blotting. The truncated Cox1⌬C15 protein was indeed present at higher levels than wild-type Cox1, Cox1-P521A/P522A, or Cox1-V524E when assembly was disrupted by the pet111⌬ mutation ( Fig. 4B) . Interestingly, the accumulation of unassembled Cox3 was also increased in mitochondria containing Cox1⌬C15 and, to a lesser extent, Cox1-P521A/P522A or Cox1-V524E, compared with wild-type Cox1.
To test whether the aberrant supercomplex-like species actually contain respiratory complex III (the bc 1 complex), we removed cytochrome b by deleting the COB mRNA-specific translational activator Cbs2 (35) . Mitochondrial extracts were prepared from pet111⌬ and pet111⌬/cbs2⌬ double mutants containing either wild-type Cox1 or Cox1⌬C15 and subjected to BN-PAGE. Blots were probed with antibodies against Cox1 or cytochrome b (Fig. 5A ). Respiratory supercomplexes III 2 /IV and III 2 /IV 2 containing either wild-type Cox1 or Cox1⌬C15 were detected using both antibodies when assembly of complexes III and IV was allowed to occur (PET111, CBS2). As expected, the supercomplexes containing wild-type Cox1 disappeared when assembly was disrupted by pet111⌬ or pet111⌬/ cbs2⌬ mutations. The aberrant supercomplex-like species containing Cox1⌬C15 that formed in the absence of CcO assembly (pet111⌬) co-migrated with a species containing cytochrome b and disappeared when cytochrome b synthesis was prevented (cbs2⌬), strongly suggesting that it contains complex III in addition to unassembled subunits of CcO, complex IV. To rule out the possibility that the aberrant supercomplex-like species form as a direct result of the absence of Pet111 rather than the absence of Cox2, we also analyzed a Cox1⌬C15 mutant bearing a mitochondrial cox2 deletion (cox2-62 allele (36) ). We obtained similar results with cox2-62 mutants, indicating that the presence of the supercomplex-like band is due to the lack of Cox2 rather than the lack of Pet111 itself (data not shown; Fig.  5C ).
We further investigated the composition of the aberrant supercomplex-like species using a second Tricine-SDS-PAGE dimension after BN-PAGE. To detect Rcf1, the chaperone involved in supercomplex assembly, we transformed cells with a plasmid carrying Rcf1-His 6 -HA 3 (9) . Wild-type mitochondria showed clear co-migration of CcO subunits (Cox1, Cox2, and Cox3), complex III subunits (cytochrome b, cytochrome c 1 , core 1, and Rip1), and Rcf1 in supercomplexes (Fig. 5B) . When CcO assembly of mitochondria carrying Cox1⌬C15 was disrupted by the cox2-62 allele, a small fraction of cytochrome b, cytochrome c 1 , and core 1 subunits co-migrated with the aberrant supercomplex-like species, together with Cox3, Cox1⌬C15, and Rcf1 (Fig. 5C ). These results further support the hypothesis that the high-molecular-weight band containing Cox1⌬C15 but lacking Cox2 is an aberrant supercomplex. Rip1, however, was not observed on aberrant supercomplexes, suggesting that the bc 1 complex is not fully assembled on these species. Alternatively, the observed high-molecular-weight complexes could represent genuine intermediates in supercomplex assembly that accumulate as a result of the combined deletion of the Cox1 C-terminal end and Cox2.
Cox3 is required for the formation/stability of the aberrant supercomplexes containing Cox1⌬C15
Each mitochondrially encoded CcO subunit interacts with a subset of cytoplasmic subunits to form intermediate preassembly modules (4, 6) . In addition, Cox3 physically interacts with Rcf1, a factor that participates in formation of III 2 /IV and III 2 / IV 2 supercomplexes (6, 9 -11) . Indeed, Rcf1 interacts with newly synthesized Cox3, probably before assembly (6, 10) . Thus, we investigated whether Cox1⌬C15 could induce formation of aberrant supercomplexes in the absence of Cox3. To remove Cox3, we deleted Pet122, one of the COX3 mRNAspecific translational activators (37, 38) . We also deleted the Cox4 subunit, which is proposed to interact with either the Cox1 or Cox3 modules (4, 6) . Analysis of mitochondrial extracts by BN-PAGE revealed that the aberrant supercomplex containing Cox1⌬C15 failed to accumulate in the absence of Cox3 but did accumulate in the absence of Cox4 (Fig. 6) . These data suggest that Cox3 is essential for the formation of aberrant supercomplexes in the Cox1⌬C15 mutant.
Cox1 hemylation is necessary for formation of aberrant supercomplexes
We investigated whether the addition of heme a to Cox1 was necessary for formation of aberrant supercomplexes. We eliminated Cox15, a chaperone necessary for heme a synthesis (39, 40) , from cells carrying either wild-type Cox1, Cox1-P521A/ P522A (both strains are controls of cells unable to form aberrant supercomplexes), or Cox1⌬C15. Digitonin-solubilized mitochondrial extracts were analyzed by BN-PAGE and Western blotting. Only trace amounts of aberrant supercomplexes were detectable in the cox15⌬, Cox1⌬C15 strain ( Fig. 7A) , indicating that hemylation of Cox1 is a requisite to form/stabilize these complexes. This observation could result from the low levels of Cox1 in the absence of Cox15, making it difficult to detect in supercomplexes ( Fig. 7B) . Interestingly, Cox1⌬C15, cox15⌬ mitochondria accumulated slightly higher levels of Cox3 compared with Cox1, cox15⌬ mitochondria (Fig. 7B ). This is reminiscent of the observation in Fig. 4B , where Cox3 accumulates in Cox1⌬C15, pet111⌬ mitochondria. This result suggests that even when Cox1⌬C15 drives accumulation of Cox3, hemylation is necessary to form/stabilize aberrant supercomplexes.
Hemylated Cox1 intermediaries produce pro-oxidant species that result in cell sensitivity to H 2 O 2 . The peroxide sensitivity is reduced by deletion of Cox1 or inhibition of Cox1 hemylation (16) . To test whether Cox1⌬C15 present in aberrant supercomplexes is hemylated, we analyzed the peroxide sensitivity of a strain with the cox2-62 mutation, which drives the formation of aberrant supercomplexes (Cox1⌬C15, cox2-62). This strain was sensitive to 3 mM peroxide, whereas cells carrying Cox1⌬C15 with wild-type COX2 were resistant (Fig.  7C) . Moreover, Cox1⌬C15, cox2-62 cells were equally sensitive to H 2 O 2 when compared with a strain carrying wild-type Cox1 and cox2-62. As expected, when Cox15 was deleted from these strains, peroxide resistance increased. Together, these results indicate that Cox1 hemylation is necessary for formation of aberrant supercomplexes and that hemylated Cox1⌬C15 is present in these supercomplexes.
Discussion
Newly synthesized Cox1 plays a central role in the assembly of yeast CcO (3-6), and its synthesis is coupled to assembly at the level of translation (21, 26) . CcO assembly and its incorpo-ration into respiratory chain supercomplexes are highly regulated processes that involve a plethora of factors (1, 13-15, 41, 42) . In this study, we have examined the effects of altering the sequence of Cox1 C-terminal amino acids on the regulation of 
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its own synthesis, its stability, and the incorporation of CcO into supercomplexes.
We previously demonstrated that deletion of the last 15 residues of the yeast Cox1 C terminus does not prevent assembly of active CcO, as judged by respiratory growth of the mutant, despite the fact that this region includes a number of residues that are highly conserved among fungi and mammals (30) . Because these residues do not appear to be critical for function per se, it is likely that these C-terminal Cox1 residues play regulatory roles that confer selective advantage. Indeed, deletion of the last 15 Cox1 residues does impair assembly-mediated regulation of Cox1 synthesis in yeast. Furthermore, this region of the protein is required for a stable association of the translational activator Mss51 with the COA assembly-intermediate complexes during Cox1 biogenesis (30) . In the present work, we explored the effects of mutations altering conserved amino acids in this region of Cox1. We identified at least two, and possibly three, missense mutations that similarly impaired regulation of Cox1 synthesis and association of Mss51 with COA complexes: P521A and/or P522A and V524E ( Fig. 8 (1) ). These mutations also increased the relative amounts of the translational activator form of Mss51, although the effect was less pronounced in the point mutants than in the Cox1⌬C15 truncation. However, mutations altering conserved residues Pro-530, His-525, and Phe-527 to alanine did not detectably alter the regulation of Cox1 synthesis. Thus, because prolines restrict the movement of polypeptide chains (43) , it seems likely that Pro-521 and Pro-522 stabilize a conformation of newly synthesized Cox1 that nucleates association of Mss51 and other factors (21) in COA complexes. The nearby V524E mutation could similarly affect a binding structure or simply interfere sterically. In any event, conservation of these residue positions near the Cox1 C terminus in fungi and mammals may be due more to a role for this region in regulation of Cox1 synthesis and assembly than to function of the assembled enzyme.
Our experiments with the truncated Cox1, lacking the last 15 residues, have revealed new post-translational effects of this mutation, beyond the abrogation of assembly-mediated syn-thesis control. First, deletion of the C terminus greatly increased the steady-state level of Cox1 under conditions where CcO assembly was blocked by a mutation that prevented Cox2 synthesis. This suggests that degradation of unassembled Cox1 is carried out by proteases that recognize the Cox1 C terminus in defective COA complexes. The increased level of Cox1 under these conditions does not appear to be due to loss of assembly-mediated regulation leading to an increase in Cox1 synthesis because the Cox1-P521A/P522A and Cox1-V524E variants did not have a dramatic effect on the steady-state levels of unassembled Cox1. Interestingly, the Cox1⌬C15 truncation also greatly increased the steady-state level of unassembled Cox3. Assembly of yeast CcO proceeds through parallel formation of three modules, each one containing a mitochondrially encoded subunit and a set of cytoplasmic subunits and chaperones (3) (4) (5) (6) . Our finding is consistent with the previous observation by others that the Cox1 module stabilizes the Cox3 module (6) . The yeast Cox1 C-terminal end also triggers oligomerization of Cox10, the heme o synthase involved in Cox1 hemylation (32) .
CcO containing wild-type Cox1 is assembled into respiratory supercomplexes with complex III (bc 1 ) (7, 8) . We found that CcO containing truncated Cox1⌬C15 was also assembled into such supercomplexes. Interestingly, we observed that in mitochondria with Cox1⌬C15, the III 2 /IV supercomplex accumulated, whereas the III 2 /IV 2 supercomplex levels decreased when compared with wild-type mitochondria. This phenotype is similar to that of cells lacking Rcf1, a supercomplex assembly factor (9 -11) . Pull-down and immunoprecipitation experiments indicate that Cox1, directly or indirectly, interacts with Rcf1 (9 -11), suggesting that deletion of the Cox1 C terminus could affect Rcf1 function. In otherwise wild-type cells, disruption of CcO assembly by removal of Cox2 prevented supercomplex formation. However, disruption of CcO assembly in mitochondria synthesizing truncated Cox1⌬C15 led to the accumulation of aberrant supercomplex-like species. Our data demonstrate that these aberrant complexes contain cytochrome b and do not form in its absence, indicating that they contain complex III that associates with preassembly modules of CcO containing Cox1⌬C15 and Cox3. Formation/stability of these aberrant supercomplexes requires hemylation of Cox1. Consistent with this observation, cells that produce the aberrant supercomplexes (Cox1⌬C15, cox2-62) are sensitive to hydrogen peroxide, suggesting that Cox1⌬C15 is hemylated. They also contain Cox3, which is stabilized by the truncated Cox1⌬C15, and do not form in its absence. We propose that the stabilization of unassembled Cox1⌬C15, caused by the C-terminal truncation, leads to aberrant accumulation of CcO preassembly modules in the absence of Cox2, which are then able to associate with complex III to form the aberrant supercomplex-like species we observed ( Fig. 8 (2) ).
The exact composition of the non-functional, aberrant supercomplexes remains to be determined, whereas it is possible that the bc 1 dimer is not fully assembled in them. In our experiments, Rip1 was not detected in these complexes, but core 1 and cytochrome c 1 subunits were present, suggesting that bc 1 complex is not fully assembled. Indeed, rip1⌬, qcr9⌬, and bcs1⌬ mutants accumulate a late-assembly intermediary of bc 1 complex, which can interact with assembled CcO to form non-functional supercomplexes (44) . CcO assembly chaperones such as Shy1, Pet54, Cox14, Coa3, Cox11, and Cox16 interact with bc 1 subunits, probably during assembly of supercomplexes (11, 25, 29) . Rcf1, which was present in the aberrant supercomplexes, facilitates formation or stabilization of III 2 /IV and III 2 /IV 2 supercomplexes and interacts with Cox3 (6, 9 -11) . This is in agreement with our observation that in the absence of Cox3, the Cox1⌬C15 mutant does not form aberrant supercomplexes, indicating that Cox3 is important for their formation. Thus, the assembly of CcO and bc 1 complexes may substantially be interconnected in wild type.
Our data indicate that the Cox1 and Cox3 preassembly modules are able to interact with the bc 1 complex in the absence of the Cox2 module ( Fig. 8 (3) ). Thus, it is possible that in wild type, the Cox2 module could integrate with partially assembled supercomplexes to complete the assembly of CcO. Consistent Fig. 6 . B, mitochondria from A were separated by SDS-PAGE and analyzed by Western blotting using the indicated antibodies. CS was used as a loading control. C, cells carrying either the wild-type Cox1 or Cox1⌬C15 and either cox2⌬ (allele cox2-62 (36)) or cox15⌬ were incubated with 3 mM H 2 O 2 or were mock-treated. 10-fold serial dilutions were grown on YPD plates for 3 days at 30°C. (1) . In addition, the Cox1 15-residue C terminus (with sequence SPPAVHFNTPAVQS), rather than Pro-521/Pro-522 and V524E is important to modulate accumulation of respiratory chain supercomplexes (2) . According to our results, the Cox1 and Cox3 assembly modules can associate with bc 1 complex before the integration of the Cox2 module to form fully functional supercomplexes (3).
with this possibility, rapid interactions between newly synthesized pulse-labeled Cox1 and Cox3 are detectable, before interactions of Cox1 with Cox2 and interactions of Cox1 with cytochrome b, which exhibit similar kinetics (4). Interestingly, it was reported that a C-terminal deletion in the human Cox1 was able to assemble in CcO and to form supercomplexes, although these complexes were highly unstable because Cox1 was rapidly degraded (45) . It is likely that the Cox1 C terminus is a key regulator of CcO biogenesis in different organisms. As demonstrated in the present work, this region of the protein contains signals that regulate formation/stability of supercomplexes, depending on the assembly state of the CcO.
Experimental procedures
Strains, media, and genetic methods
S. cerevisiae strains used in this study are congenic or isogenic to D273-10B (ATCC24657) and are listed in Table 1 . Standard genetic procedures and recipes for media were as described elsewhere (46, 47) . Complete fermentable media were YPD or YPGal (1% yeast extract, 2% Bacto-peptone, and 2% glucose or 2% galactose) or synthetic complete media (0.67% yeast nitrogen base, 2% glucose) lacking the indicated amino acids. Non-fermentable medium was YPEG (1% yeast extract, 2% Bacto-peptone, 3% ethanol, and 3% glycerol). The nuclear deletion constructs with URA3, LEU2, or KanMX4 were obtained by PCR. Plasmids containing the cox1 point mutations were transformed by high-velocity microprojectile bombardment into the rho0 strain NAB69 (48) . Transformants were selected by their ability to rescue respiratory growth when mated with the strain L74 carrying a G124D mutation in Cox1 (49) . Transformants with the cox1 mutant plasmids were mated with XPM10b (containing cox1⌬::ARG8m construct), and cytoductants were selected for their ability to grow in YEPG as haploids. Correct integration of the COX1 constructs into mtDNA was confirmed by PCR and DNA sequencing.
Construction of cox1 mutant genes
The 3Ј half of the COX1 coding region was amplified with primers that incorporated the mutations encoding P521A/ P522A, V524E, H525A, F527A, or P530A. As template, we used Table 1 List of strains used in this study All of these strains are congenic or isogenic to D273-10B. Mitochondrial genotypes are shown in parenthesis. ⌬⌺ai refers to an intronless COX1 gene.
Strain
Genotype plasmid pXPM57 containing the full-length, intronless COX1 gene (30) . These products were digested with NdeI and AflII and ligated into pXPM57 equally digested. Mutations were confirmed by PCR and DNA sequencing.
Analysis of mitochondrial proteins
Yeast cells were grown in YPGal to late exponential phase. Crude mitochondria were obtained by treating the cells with Zymolyase 20T or with glass bead disruption, as described elsewhere (50) . Immunoprecipitation was performed as described previously (30) . Briefly, mitochondria (500 g) were solubilized with 0.5% (w/v) dodecyl maltoside and centrifuged, and the cleared supernatant was incubated with anti-HA or anti-Myc antibodies coupled to protein A-Sepharose beads. Total (3% of sample) and immunoprecipitated fractions were separated by SDS-PAGE and transferred to PVDF membrane. Western blots were probed with antibodies against HA (Roche Applied Science), Myc (Roche Applied Science), Cox1, Coa3 (A. Barrientos), Cox2 (Mitosciences), Cox3 (Mitosciences), and citrate synthase. In vivo pulse labeling of cells or in organello labeling of crude mitochondria with [ 35 S]Methionine was performed as described previously (51) . The radiolabeled proteins were separated by SDS-PAGE, and the gel was dried before analysis with a Typhoon 8600 PhosphorImager (GE Healthcare).
BN-PAGE and 2D Tricine-SDS-PAGE
BN-PAGE and 2D Tricine-SDS-PAGE were performed as described previously (52) . The mitochondrial pellet (100 g of proteins) was resuspended in 50 l of sample buffer (750 mM 6-aminocaproic acid, 50 mM BisTris, pH 7, 1% digitonin) and centrifuged. The supernatant was loaded in either 5-13% or 4 -12% polyacrylamide gradient gels. When indicated, BN-PAGE lanes were excised and separated by 2D Tricine-SDS-PAGE using 12% polyacrylamide gels. Gels were transferred to PVDF membranes and probed with antibodies against HA (Roche Applied Science), Cox1, Cox2 (Mitosciences), Cox3 (Mitosciences), Cytb, and ATPase (Diego González-Halphen). The high-mass protein markers were obtained from GE Healthcare. In-gel CcO activity was performed after BN-PAGE using 0.04% diaminobenzidine (Sigma-Aldrich) and 0.02% horse heart cytochrome c (Sigma-Aldrich) in phosphate buffer, pH 7.4 (53) .
Spectrophotometric enzyme assays
Complex III and complex IV activities were determined by following the absorbance changes resulting from the reduction and oxidation of cytochrome c, respectively, at 550 nm (⑀ 550 nm ϭ 18.5 mM Ϫ1 ⅐cm Ϫ1 ) in a SPECTRAmax PLUS384 microplate reader (Molecular Devices) according to Ref. 54 . Briefly, complex III activities were measured in a buffer containing 25 mM potassium phosphate (pH 7.5), 75 M oxidized cytochrome c from horse heart, 0.1 mM EDTA, 1 mM sodium cyanide, and 10 g of protein/ml of mitochondrial membranes. The reaction was started with 100 M decylubiquinol. Complex IV activities were measured in a buffer containing 25 mM potassium phosphate (pH 7) and 50 M reduced cytochrome c from horse heart. The reaction was started by adding mitochondrial membranes to a final concentration of 10 g of protein/ml. Citrate synthase (CS) activity was measured at 412 nm (⑀ ϭ 13.6 mM Ϫ1 cm Ϫ1 ) in a buffer containing 10 mM Tris-HCl (pH 8), 0.3 mM acetyl-CoA, 0.1 mM 5,5Ј-dithio-bis-2-nitrobenzoic acid, 0.1% Triton X-100, and 10 g of protein/ml of mitochondrial membranes. The reaction was started with 0.5 mM oxaloacetate (55) .
Peroxide sensitivity assays
Cells were grown overnight on YPD until exponential phase, at an A 600 of 0.6. H 2 O 2 was added to a 3 mM final concentration, and cultures (10 mg/ml of wet weight cell pellet) were incubated for 2 h at 30°C with gentle agitation. Alternatively, mocktreated cells were incubated with H 2 O and treated equally. Cells were washed with sterile water and plated on YPD in 10-fold serial dilutions for 2 days at 30°C. 
